Low temperature polycrystalline silicon shows great promise in the fabrication of thin film transistors for threedimensional integrated circuits, large area electronics, twodimensional imaging systems, and active matrix liquid crystal displays, and so on.
1,2 Current low temperature processes, including excimer laser annealing and solid phase crystallization are perceived unsuitable for fabrication of low cost, large area devices based on the low temperature polycrystalline silicon. The addition of a small amount of metal, such as Ni, to the amorphous silicon can reduce the crystallization temperature. The field-aided lateral crystallization process simultaneously utilizes small quantities of a metal catalyst and an electric field during heat treatment. Most of the experimental results of the field-aided lateral crystallization show that crystallization initiates at the negatively biased side and progresses towards the positively biased side with an enhanced velocity. 3, 4 This implies that the charge of Ni atoms in the amorphous silicon matrix is effectively negative. This implication, however, conflicts with the Izmajlowicz et al.'s report which showed that crystallization proceeded from the positively biased side to the negatively biased side. 5 Here, we propose a possible mechanism of the field-aided lateral crystallization process to explain the apparent discrepancy in the observed crystallization behaviors.
It is a well known fact that the Ni catalyst and the amorphous Si form NiSi 2 , and that this silicide phase mediates the crystallization of amorphous silicon at low temperature. Hayzeldon and others reported that the crystallization velocity of amorphous silicon is determined by the diffusivity of Ni atoms in the silicide phase, and is thus driven by the chemical activity difference. 6 Therefore, the crystallization proceeds uniformly from the Ni coated area to the pattern in the metal-induced lateral crystallization ͑MILC͒. Since the field-aided lateral crystallization ͑FALC͒ process is induced by electric potential gradient as well as the chemical potential gradient, the crystallization behavior is closely related to the electric field distribution, depending on the field intensity, pattern size, shape, etc. In general, the crystallization velocity increases monotonically as the applied voltage increases to a point, and then decreases beyond the critical voltage point ͑Fig. 1͒. 7 The enhanced crystallization velocity from the applied electric field may be interpreted as a Joule heating effect. Measured temperatures on the specimen surface and the calculated temperature increases from the current flow during the crystallization process, however, reveal negligible Joule heating effect, few degree increments in temperature.
Under the influence of an electric field, the driving force of the Ni atoms in the silicide phase can be schematically presented as Fig. 2 . The electric field intensity determines the slope of the periodical potential curve. The atomic electron affinity of Ni and Si is 1.155 eV and 1.385 eV, respectively. 8 Therefore, it is reasonable to assume that the charge state of the Ni atom in the silicide phase is positive. In this setting, the Ni atoms would migrate to the negative electrode. However, the results of the experiment show the opposite behav- ior, implying that a stronger driving force against the potential gradient must exist. The force, which pushes the atom against the electrostatic field, is an electron wind effect caused by the electromigration. Despite the light mass of an electron, when a significant amount of electrons are present ͑or when the current density is high enough͒, the momentum exchange induces the atoms to migrate along the electron flow direction. For example, a positively charged Ni atom at the saddle point of the free energy diagram shown in Fig. 2 diffuses toward the higher potential side with the aid of the electron wind. Therefore, the apparent charge of a Ni atom could appear as negative. This is called an effective charge and is presented in Eq. ͑1͒,
Here, the J i , D i , ٌC i , k, T, e, Z i * , and ٌ represent flux, diffusivity, concentration gradient, the Boltzmann constant, absolute temperature, electron charge, effective charge, and electric potential gradient, respectively. Two terms are associated with Z i * : electron wind term ͑Z i wind * , negative value͒ and drift term ͑Z i drift * , positive value͒. In order to prove the proposed theory, verification must be presented. The question becomes, "is there enough current flow inside the amorphous silicon pattern to cause such a phenomenon?" However, answering the question is not a simple matter because of the temperature dependence on the electrical resistivity. At room temperature, the metal silicide crystallization mediator, NiSi 2 has a higher resistivity than pure Ni does, and the resistivity of NiSi 2 increases as the temperature increases. Meanwhile, the resistivity of amorphous silicon decreases as the temperature increases because of the exponential increase in the intrinsic carrier concentration. Hence, the resistivities of the Ni coated and Ni free areas at the crystallization temperature are quite comparable. The result of the experiment, measuring the current level variation during the heat treatment of simple test patterns, is presented in Fig. 3 . As indicated in the figure, the resistivity of the Ni-free amorphous silicon was reduced by 4 orders of magnitude at 510°C. The current density under the bias of 100 V is in the range of 100 A / cm 2 . Ni-deposited amorphous silicon, on the other hand, increased in resistivity during the ramping due to the formation of NiSi 2 . The resistivity then fell off along the amorphous silicon curve due to the intrinsic carrier increase of the amorphous silicon in the Ni coated film. The resistivity further decreased during crystallization because the polycrystalline silicon formed by the metal induced crystallization ͑MIC͒ has a lower resistivity than that of the amorphous silicon. The remaining fraction of crystalline silicon in the channel region increased in size as crystallization proceeded. Such decrease in resistivity was not observed in pure amorphous silicon film.
The proposed mechanism suggests the following: the direction and magnitude of diffusivity of Ni atoms, which governs the overall crystallization velocity, are determined by competition between a driving force parallel to the current direction due to electron wind effect and a force opposite to the current direction due to the electric potential gradient. The crystallization velocity increases with the applied voltage up to a certain critical value, then decreases. While the potential gradient increases proportional to the applied voltage, the current density becomes saturated at a high field. Our mechanism suggests that the migration of Ni atoms by the potential gradient ͑the field-assisted diffusion͒ overwhelms the electromigration effect gradually with the increasing applied voltage. As a result, the enhancement of crystallization velocity from the negative electrode to the positive electrode with the applied voltage decreases gradually. In an extreme case, it is possible that crystallization by the FALC process can proceed from the positive side to negative side although it has not been widely reported.
The opposite directional crystallization can be observed using an experimental setup like the one shown in Fig. 4͑a͒ . In this experiment, voltage was applied to the electrodes formed on the glass substrate ͑island amorphous silicon patterns͒. The current flow in the patterns was limited to ϳ10 −8 A, negating the electromigration effect. As seen from Fig. 4͑b͒ , crystallization indeed occurs solely from the positive electrode side since the only driving force that leads to crystallization is the potential gradient in this case.
The details of the experimental setup for Fig. 1 have been described in Ref. 3 . In this article, the applied voltage was varied at the fixed annealing temperature of 450°C. The current measurement was performed by HP3458A with amorphous silicon and Ni-deposited ͑3 nm͒ amorphous silicon without any patterns. The applied voltage during the measurement was in the range of 2 -180 V and the resistivity was calculated and averaged under the assumption of the current flow in the whole area between the electrodes. The sample to observe the crystallization behavior of the island amorphous silicon patterns ͑Fig. 4͒ was prepared by lithography and dry etching process. The Ni catalyst only exists in 
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